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SUMMARY

Thig report is the fourth of a series presenting the
results of strength tests on thin-walled cylinders and
truncated comnes of circular and elliptic section; it in-
cludes the results obtained from combined shear and bend-
ing tests on 100 thin~walled duralumin cylinders of circu~
lar section with ends clamped to Tigid bulkheads. The
tests show that as the ratio of monent to shear variles
from small to large values the fallure changes from a
shear to a bending type. In the report a chart is pre~
sented that shows the corresponding changes in strength.

INTRODUCTION

As part of an investigation of the strength of
stregssed~sgkin structures for aircraft, the Wational Advi-
sory Committee for Aeromnautics in cooperation with the
Army Alr Corps; the Bureau of Asronautics, Navy Depari-
ment; the National Burean of Standards; and the Bureau of
Air Commerce has made an extensive seriesg of tests on
thin-walled duralumin cylinders and truncated cones of
circular and elliptic section. 1In these tests the abso-
lute and relative dimengions of the specimens were varied
to study the types of failure and to establilish useful
quantitative data in the following loading conditions:
torsion, compression, bending., and combined loading.

The first three reports of this series (references 1,
2, and 3) present the results obtained in the torsion, the
compression, and the pure-bending tests of cylinders of
circular section. This report presents the results ob-
tained in tests of cylinders of circular section in com-
bined transverse shear and bending.
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LATERIALS

The duralumin (Al. Co. of Am. 17ST) used in these
tests was obtained -from the manufacturér in sheet form
with nominal thicknesgses of 0,011, 0.01l6, and 0.022 iach.
The properties of this material ad determined by the
National Bureau of Standards from sypecimens selected at
random are given in references 1 and 2. Since all tae
test cylinders failed by elastic buckling of the walls at
streesce congliderably below the yleld—point stross, the
modulus of eclasticity =X, which was substantially con~
stant for all shoet thicknesses, is the only important
property of the mato*ial that nocd be consideorecd. For
all ecylindore an avorage value of E (10.4 X 10€ pounds
per squaro inch) was usecd in tho analveis of the results.

SPECIMENS

The test specimensg were right circular cylinders of
745~ and 15,0-~irnch radil with lengths ranging from 3.75
to 15,0 inches., The c¢ylinders were constructed in the
following manner. A duralumin sheet was first cut to the
dimensions of the developed surface. The sheet was then
wrapped about and clamped to end bulkheads., (See figs.
1 to 4, inclusive.) With the cylinder thus assembled, a
butt strap 1 inch wide and of the same thickness as the
sheet was fitted, drilled, and bolted in-place to close
the seam, In the assembly of the speéimen care was talen
to avoid having either a loosenesg of the skin (soft
spots) or wrinkles in the walls when finally constructed.

The end bulkheads, to which the loads were applied,
were each constructed of two steel plates gne-=quarter
inch thick scparated by a plywood core l~1/2 inches thilck
for the bulkheads 'of 7.5-inch radius and 3-1/2 inches
thick for the bulkheads of 15,0-inch radius. These parts
were bolted together and turned to the specified outslde
diameter. Steel bands applox1mately one~quarter inch
thick were used to clamp the duralumin sheet to the bulk-
heads. These bands were bored to the same diameter as
the butheads. :
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APPARATUS AND HMETEHOD

The thickness of each sheet was measured to an esti-
mated precision of +0.,0003 inch at a large number of sta—
tiong by means of a dlal gage mounted in a.-special Jjig.
In general, the variation in thickness throughout a given
sheet was not more than 2 percent of the average thick-
nesse The average thicknesses of the sheets were used in
all calculations of radius/thickness ratio and stress.

A photograph of the loading apparatus used in the
tests is shown in figure l. Different ratios of moment
to shear were obtained by placing the jack at different
distances from the column. In this way i1t was possible
to study the btransition from failure by shear at small
ratios to failure by bending at large ratios of moment to
shear. 1In all cases the cylinder when mounted for tests
had the seam and butt strap located on the extreme~tension
fiber. TLoads were applied by the jack in increments of
about 1 percent of the estimated load at failure.

DISCUSSION OF RESULIS

As far as is known there is no theoretical treatment
of theé stability of the walls of a thin-walled cylinder
in combined transverse shear and bending. Consegquently,
as an aid to the interpretation of the results of the
tests herein considered, some of the important factors
will e discussed., -

From purely physical congiderations it is clear that
the mognitude of the shear V and the moment M relative
to the size of the cylinder should be congidered in the
analysis of the test results, Consegquently, V, ¥, and r
(where r 1is the radius of the cylinder) have been com-
bined to form s nondimensional term %V that is descrip-
tive of the loading condition. Physically, the term %f

is the distance from the section under investigation to
‘the resultant shear force in terms of the radius of the
cylinder, (See fige 5.)

M _ Y (4 = x) _ 4 -z

¥ TV T
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If it is assumed that the ordinary bealm theory applies,
as was done in the analysis of the results of the pure-
bending tests on tiii~walled cylinders (reference 3), ii%
follows that before buckling occurs the compressive stress
on the extreme fiber and the shearing stress at the neu~
tral axis are, regpectively

X L
f "= === - SR (1)
b ﬂ.pzt
and A Iy = EIEF": o e (R)

In these equations %. 1s the thickness .of the cylinder
wallw, . . .

If—equation (1) is’ divided bg equatlon (2) the fol-
lowing relation is obtained:

£y . LM

£, T e : (3)
Thus, a partidulér value of if' is descriptive of a def-

inite stress condition asg well ag a definite loading con-
dition in the same wmanér that torslon, compression, and
pure bending are descriptive of definite stress condi-
tlions, and hence definite loading conditions. In the anal-
yeis of the .results of the tegts, the varlation of the

bending stress at - fallure with.HMV 4is studled for each of-
L . ™ -

the following groups of cylinders tested. (For the tabu-
lated data, see tables I and II.)

S o LN : Nominal sheet
Group_.. ?F-,, : }/r . r/t thickness

Inches : Inch

1 7.5 1.0 323 - 366 " 0.022

2. 7e5 1.0 452 - 490 : ,016

3 7.5 .5 586 - 670 .011

4 75 1.0 625 - 694 011

5 75 2.0 581 - 688 ,011

6 15.0 1.0 647 ~.746 .022

g 15.0 1.0 932 -. 980, .016

8 15.0 1.0 1293 - 1455 i . 011
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From figure 2 it will be noted that failure always
occurs over an area of the cylinder and nét at some par-~
ticular station between transverse bulkheads. It will be
further noted from figure 5 that the bending stress varies
linearly between Dbulkheads. Thus, instead of plotting the
bending stress at failure agalnst %V asiéalculated at o
only one station, it is desirable to plot these values for
all stations along the length of the cylinder. This meth-

od emounts to plotting the bending-stress dliagram with_%v

as tho abscissa scale.

On figure 6 are plotted bending-stress diagrams for
each test cylinder with ordinates of stress fy divided

by the modulus of elasticity. An inspection of this fig-
ure, together with the photographs of the types of failure
(figs. 2, 3, and 4), reveals a transition from a ghear

type of failure at small values of %T to a bending type

In the following dis-

of failure at large values of T

cussion separate consideration will be given to Dbending
failure, shear faitlure, and the transltion from bDending
to shear failure.

Bending failure (large values of fv).— A%t large val-
ues of %? failure occurs by a sudden collapse of the

outermost compression fibers in the same manner as in the
pure—~bending tests reported in reference 3. (See figse 2
and 4.) It is therefore reasonable to suppose that at

these values the bending strength of a thin-walled cylin~

der should approach the strength of a cylinder of the same

dimensions in pure bending.

For comparison of the present results with the re-
sults of the pure~bending tests reported 1in reference 3,
lines a and b have been drawn on figures 6 represent-
ing the upper and lower limits of the strength in pure
bending, These limiting wvalues represent the dispersion
of the results of the pure~bending tests and were odbtained
for cylinders of the average radius/thickness ratio in

each group by interpolation of the results plotted in fig—

uwre 5 of reference 3, ’
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Upon reference to figure 6 it will be noted that, in
general, the bending-stress dizgrams plot between lines -

a and b ‘at large.values of %F . Since .slight imper-.

fections in the cylinders cause wide variations in the
bending strength (reference 3), the few diagrams that plot
outside the band establighed by lines a and b probably
represent  cylinders in which the’ 1mperfect10ps wero great-
or or less than those of the cyllnders tested in puro bend~
ingn . e C D B A

Shear failuroc (small values of '¥75.~'At small véiueﬁ'

of %f failure occufs in_sheaf by the-férmation of dlago~
nal shear wrinkles on -the sides of the cylinders. (See
figs., 2 and 3.) It is therefore reasocnable to suppose
that at these values the’ shear 'sitrength of a thin-walled
cylinder should be closely related to the strength of a

cyllnder of the same dimen91ons in tor51on (pure gshear) «

For comparison of the present results with the re-
sults of the torsion tests reported in reference 1, lines
¢ and d have been drawn on figure 6 representing the
probable uppor and lower limite for shear failure., Theso
lines wero obtained by plpotting the cquation

8,

k) o
o

(4)

H| »
Sl

"Equation (4) is obtained from equation (3) by trans-
posing terms, dividing by E, and sudbstituting Sg for

£ 'ﬁhera"ss 'is the shearing stress at failure for a
thin-walled cylinder of the same dimonsiong in torsion

f
(pure. shear, reference 1 or 4), Thus, the value of ﬁh as

given by equation (4) 1s the critical compressive strain
on ‘the extreme fiber when failure occurs in shear, provid—-
ed tnat the shearing stress at the neutral axis when fail—~
ure-occurs is the same ag the shearing stroess at faillure
for a cylinder of tho same dimoensions in torsion, The
lines ¢ and -4 for shear failure in figure 6 are shown
for the two valucs of 'SS"calculated ag outlined 4in ref~-

orence 1 for tho largest and smallest radius/thickness
ratlo for each group of cylinders.
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Inspection of figure 6 shows that in some cases the
bending~stress diagrams at very low values of %V" cor—

responding to shear failure, plot above lines ¢ and 4.
This fact indicates that the transverse shearing stress

on the neutral axig at failure is higher than the shear-
ing stress at failure in torsion. In order to obtain the
quantitative relation existing between the two values,

£y

5. ig plotted against %F in figure 7 for each of the
s . 18 . fv
o ke T 2 mmmme bl e Lleo b o ~ N Llam maa b 2o v,
LES VS LU LS el Lvidgu voauv a9 ;“f_fu LIS L &UuvLU 'é""
8

apprpaches a value between 1.20 and 1.38. Thus, if Sy

is the shearing stress on the neutral azis at failure in
pure transverse shear and Sy 1s the shearing stress at

failure for a cylinder of the same dimensions Iin torsion,

5, and §4 may be related by tho following approximate

equatlion

Trangition from shear to bending failure (intermedi~-

ate values of %V)'- It can be ssen by reference to figurs

.6 and figures 2, 3, and 4 that the transition from shear
to bending failure is not always as abrupt as the inter—
section of lines &a aund b with lines ¢ and 4d might

Indiecaté. At the inbermediate values of the transi-

rV
tion from failure by shear to faillure by bending is accome
panied by a slight reduction in strength, (See groups 3,
4, and 5 of fig. 6 in particular.) The following discus~
sion 1s offered as a possible explanation of the transi-
tione

ing such as torsion, pure bending, compression, or any
other loading, it has in general a definite resistance To
that loading at which elastic failure ocecurs and this re- ~
sistance is ordinarily diffcrent for each type of loading.
If such a body should be subjected to two or more diffor-
ent types of loading simultaneously, 1t cannot offer as
sreat a resistance to cither typo of loading as if that
type of loading were acting alone. In such a case the
following approximation may te used
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£ f £
—k + _-E‘ + LI SR _l'l = 1 ( 6)
Sn

where 83, Sz «eese S, aro the critical stress values

for different types of loading ecting alone on the body,
and £, , £, +e... £, are the allowable streass values

for those same types of loading when acting simultaneous-
1y

Since a cylinder under combdined transverse shear and
bending has varying stress conditions around its perilph-
ery, the application of egquation (6) is made in the fol-
lowing manner.,. . The pending stress at any point 6 de-
groes above the neutral axis is

M. sin O M
f = X 5~ sin O (7)

b ™t m R

—— .

The longitudinal shearing stress at this same point

is
2
£y = V2t r° cos 8 _ ¥V cos 8 {8)
=% ™t

It is very probable that certain elements of the cyl-
inder reach a critical state of stress before others and
that these latter thon take a greater proportional share
of the load. It is assumed, however, that collapse of the
cylinder occurs when all elements have reached such stress
conditions that for some fiber the following equation
holds

£ £
ELAI - ! (9)
Sy By
Because of the variation of stress around the periph-
exry

£ £

Yo+ 2B - g o= £(0) (10)

Sv 5p

The location in the cylinder of the element Oy for which

U is a maxirmum 1s obtained by setting the derivative
requal to zero. Thus, substitution of the values for £
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and fy given by equations (7) end (8) im equation (10)
gives . .

M sin® ., V cose

U = + (1)
T2t Sy 1wzt Sy :

and the derivative is

aU . Moos8 _Vosin@ _ .
4B T r*t Sy wrt Sy
from which
= - ¥ Sy | "
8p = tan =¥ 5t | (12)
Failure 1es assumed to occur when U = 1 for the el-~

ement Gm degrees from the neutral axis on the compres-

sion side of the cylinder. TWith these substitutions,
equation (1l) becomes . :

s A4 . .
. = M s:n em . cos BOp o : (13)
™ r°t Sy ™ vt Sy

The solution of this equation for M and V, remembering
that . T

R - '
tan em = ﬁ S-_b - = e o
glves ) T
M = 1wt Sy sin O, ‘ o (14)
V = mwzrt Sy cos Oy (15)

The strength of a cylinder in pure bending and pure
transverse shear is, respectively

M = mx2t Sy | (16)

Vv = wrt S; _(17)
Since sin em and cos Om can never exceed unity, equar

tions (34) and (15) show that the p resence of shear re—
duces “the bendlng stréngth and, conversely, that the pres-
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ence of bending reduces the strength in shear, Because
equations (14) and (15) are related, both having been de-
rived from equation (13), only one of them need be usged
to measure the strength of a cylinder in combined trans-—
verse shear sad bending,.

In order to show the effect of shear upon bending in
the mogt effective manner, it is desirabdle to express the
strength of a cylinder under combined transverse shear
and bending as a percentage of the stremngth in pure dbend~
ing. The curves of figure 8, derived from equations (14)
and (16), show thig relation as a function of the ratios
Sp

1
=T and Sv.

o

In filgure 6 the full—-curved lines were obtalned fronm

S
fligure 8, ueing in one case the valus of §E correspond«
v

ing to lines &a and ¢, and in the other case the wvalue
S .

of gh corresponding to lines b and d. An inspection
v

of the figures indicates that these two curves represent
guite well the limite of the experimental data plotted.

In ordexr to use the curves of figure 8 in design, it
is necessary to know the loading condition %f and to be

able to predict the values of 8y and 8y for the cylin=-

der. If these three guantities are known, the maximum al-.
lowable moment and/or stress on the extromo fiber can be
read from the chart as a percontage of that for pure bond-
ing. The strongth in shear thon need not bo investigated
because its effect has been taken into account by a re-~
duced bending strength.

When checking the strength of any section between ad-
Jacent bulkheads, the largest value of %V in that socce~
tion should be uged to enter the chart of figure 8. This
procedurc tends toward comservatism and is certainly justi-

fied by the wide scattering of the test data,

Wrinkles.~ In the proceding paragraphs it has been
shown that the strength of a thin-walled cylinder in com—
bined transverse shear and bending can be correlated with
the gtrength of & cylinder of the same dimensions in tor-
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sion and pure bending, depending upon whether %V is

small or large, respectlvely. It would therefore appear
that the size of the shear wrinkles that form on the
sides of the cylinder and the bending wrinkles that form
near the extreme fiber on the compression half of the
cylinder would be the same size, respectively, as the
wrinkles for torslon and purs bending. Consequently, ex-
perimental values of %k, as defined by the equation

k:g-%i

c

where )X, 1is the wave length of a wrinkle in the direc-

tion of the circumference, are compared with the corre-
sponding values of Xk for %orsion and pure bending. Fromn
tadle 1I, where the comparison is made, it will be noted
that values of k as calculated for the shear and bend-’
ing wrinkles compare very well with those tabulated for
cylinders of correspoading dimensions in torsion and

pure bending, respscitively.

CONCLUSIONS

l. TFor large valuses of %? failure occurred in bend-
ing Py a sudden collapse of the compression half of the
cylinder, The stress on the extreme fiber as calculated
by the ordinary beam theory and the size of the wrinkles
that formed were both equal to their respective values for
a2 cylinder of the same dimensions ia pure bending.

2+ TFor small values of %F failure occurred in shear
by the formation of disgonal wrinkles on the side of the
cylinder, The gsize and form of the wrinkles at failure
were the same as those that ocecurred at failure for a ecyl-
inder of the same dimensions in torsion (pure shear). As
%— approached gero, the shearing stress on the neutral

axis at failure as calculated by the ordinary beam theory
was approximately 1.25 times the allowable shearing stress
in torsion.

3e. At Intermediate values of %V thoerec was a transi-

tion from failure by bending to fallure by shear that was
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accompanied by a reduction in strength. For use in calcu~
lating the strength of thin~walled cylinders in combined
transverse shear and vondling, a chart 1s presented that
allowsg for this reduction in gtrength.

Langley Memorial Aeronautical Laboratory,
National Advisory Committes for Aeronautics
Langley Field, Va., March 4, 1935,
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For all cylinders, E = 10.4 X 10° 1b. per sq.in.
fp/E, and M/rV, teken at bulkhead supported on column. (See fig. 1.)

NIAOCIA.

Technical Note XNo.

TABLE I

523

RESULTS OF COMBINED TRANSVERSE SHEAR AND BENDING TESTS

13

Tabulated values of fy,

Group 1 r= 7.5 in. 1/r=1.0
T
S%sf- t % v M Ty Ty ;%F j?‘ Remarks
in. 1b.{lb.-in.|1b./8qg.in.|{1b./8q.in.
177 10.0232{32313593; 27400 8580 6690 1.02 |0.000643 | Failure
183 020935912663 40080 5410 10860 2.,01{ .001045! First
wrinkle
2688] 40480 5460 10960 2.01} .001054} Failure
188 021013572413 46490 4880 12530 2.57} .001205] Failurs
184 020935911753 40540 3560 10980 3.09] .001056| Failure
187 .0308|361}2488} 63610 5080 17320 3.41| .0016€6] Failure
1ge9 .0210{357|1978| 50860 4000 13710 3.43| .001318| Failure
185 .02051366| 1268 40070 2630 11060 4.21} .001063| Failure
186 .0208[361|1508] 55020 30€&0 14990 4,871 .001441] Failure
190 .02071362]1138] 42170 2330 11520 4,94| .001107! Failure
191 030713621 9921 57770 2030 15750 7.761 .001514! Failure
Group 2 r = 7.5 in. IA /r = 1.0
: r
el cJE[v [ v | 5 [ [ F |
in. 1b.}ib.~in. | 1b./sq.in.|[1b./sg.in.
176 10.0166(452|1413 | 105820 3615 3580 0.991{0.000370f First
wrinkle
17231 12920 4410 4400 1.00| .000423 | Failure
175 .0156{481|1533} 11450 4160 4150 1.00] .0003992f First
wrinkle
1593 11910 4330 4320 1.00| .000415{ Failure
18l .0164(457{1378| 20830 3570 7180 2.02| .000690; First
wrinkle
1398} 21130 3620 7290 2.02] .000701| Failure
178 .01571478|1033} 16270 2790 5850 2.10{ .000582| First
wrinkle
11038} 17339 2980 6230 2.09} .000598! Failure
1e2 015914721148 22140 3060 7880 2.571 .000758| Failure
180 0157147811128 24910 3050 8970 2.94] .000862| railure
179 .01531490] 708| 23270 1960 8580 4.38f .000828] Failure
173 .01551484| 381 25060 1045 9150 g.78] .000879| failure
174 .015714781 273{ 19250 737 6925 9.40! .000666| Failure
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TABIX I (Cont.)

Group 3 r = 7.5 in. 1/r = 0.5
| ' £1
sﬁg?‘ % % v M £ fy %V T Remarks
in. 1b.|1b.-1in.[1b./sq.in. {1b./8q.1n.

111 ©.0121| 620| 843 5360 2560 2510 0.85[0.0002341} Tirst
wrinkle

1143| 7310 4010 3420 .85 .000329|Failure

78 | .0115|652| 663} 7260 2445 3580 1,461 .000344| First
: wrinktle

928] 10100 3425 4970 1.45| .000478{Failure

1 .0112{670f 843| 9710 3195 4905 1,54 .000472] First
, wrinkle

$05|10400 3430 5250 1.53 | .000505|Failure

114 | .0117{641l{ 568} 8800 2060 4250 2.07| .000409} First
wrinkle

653110040 2365 4850 2.05] .000486] Failure

110 { .0120|625] 703|10780 2480 5080 2.05}1 .000483] First
wrinkle

753111500 2660 5420 2.04] ,000521| Patilure

108 | .0119{630} 588} 9100 2100 4330 2.06 | .000416] First
. wrinicle
. 688110550 24860 5020 2,04 | .000483| Failure
76 | ,01131663| 753|11500 2830 5750 2.04 | .000553| Failure
113 | .0116{646 65810130 2410 4940 2.05 | .000475(Failure
107 | .0118i635| 66813030 2400 6230 2.60 | .000601] First
wrinkle
738114290 2653 6840 2.58 1 .,000657 Failure

104 | ,0114|658| 488 9790 1815 4850 2.67 | .000466] First
wrinkile
62812310 2335 6090 2.61 | ,000586|Fallure

7?71 .0l141658 | 663113140 2465 6500 2.684 | .000635| First
wrin-le
678113420 2520 6640 2.64 | .00CA38{Failure
106 | .0l16{646 | 563 {13530 . 2060 6500 3.20 | .000634{ Failure
94 | 0128|586 51318460 1700 8160 4,80 .0007868|Failure
97 1 .0121[{620] 413|15360 1450 7180 4,96 | ,000690|Failure
105 | .0116 ({646 | 358{13660 1310 6660 5.09 | .000640{ Failure
95 ] .0118{630] 413{17990 1475 8570 5.81 | 000824 Failurse
101 § .0116 {646 | 33815670 1237 7640 6.18 | .000734{Failure
96 | .01L201625} 318|15050 1125 7100 6.31 | .000682|Failure
103 | .0120i625} 30814740 1090 6950 6.38 | .0006€8|Failure
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Group 4 _ r = 7.5 in. ' 1/r =1.0
Sfri? S - M £y £o ?M? _’;3 Remarks
in. 1b.| 1b.-in. {1b./sq.in.|1b./sg.in.

15 [0.0110| 682} 579] 4570 2235 2355 1.05[0.000226| First
wrinkle
696| 5570 2690 2870 1.07| .00027€|Failure

85 | .0114| 658|529 4150 1975 2055 1.05] .000197| First
wrinkle

722| 5790 2680 2870 1.07{ .000276|{Failure

11 | .0111675|586] 7130 2240 3640 1.62| .000350| First
wrinkle

666| 8070 2540 4120 1.62| .000396|Failure

87 | .0110|682|474] 5810 1830 2980 1.63| .000287| First

wrinkle

599 7370 2310 ‘3780 l1.64] .0C03E3|{Failure

83 0115} 652|544 6680 2010 3290 l1.64] .0C0316| First
wrinkle

609 7480 2245 3620 1.64] .000355|Failure

el .0115{ 652{519 8920 1915 4390 2.29| .000422| First

wrinkle

581 2940 2145 4900 2.28] 000471 |Feilure
12 01121 669] 475 8340 1800 4210 2.34| .000405] First
wrinkle
575]{ 10010 2180 5050 2.32 ] .000485|Fgilure
75 .0113]6631474f 9070 1780 4535 2.55| .000436| First
wrinkle
504 9610 1895 4805 2.54| 000462 {Failurs
31 01116751472 8225 1810 4710 2.6l ] .000453 |Failure
74 .0114:658|388 8800 1440 4350 3.02| .000418| Pirst
wrinkle
458{ 10240 1700 5070 2.98| .000487{Failure
73 01126691453 10140 1716 5120 2.98| .000492 |Failure
13 .0108| 62841395 9280 1550 4860 3.131 .000467| First
wrinkle
400 9380 1570 4910 3.13 | .000472 | Failure
g2 011416581433 | 11950 1610 5920 3.68] 000569 Failure
g1 .01121669 393 10970 1490 5540 3.72 1 000833 | Failure
89 .0112 1669 1329 9390 1245 4740 3.8l .000456|Failurs
72 .0116|64€:!378} 13330 1385 6500 4,70} .000625] Failure
71 .01171641 378t 12330 1370 6440 4,701 000619 Failure
16 .0110682{375] 13350 1450 6880 4,751 000661 Failure
69 .0119 {630 1308} 15770 1095 7470 6.83 | .000722| Failure
70 .0119 16301298 15420 1060 7310 6.901 .000706]Failure
14 .01081694]186 | 11830 730 €180 8.48 | .000595| Failure
112 012016251157 15090 555 7120 12.83 | .000684|Failure
93 .01151652 {162 | 14790 560 7280 13.00{ .000700|Failure
37 018163511261 13500 453 6480 14.28 | .000620|Failure
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TABLE I {Cont.)

Group & r= 7.5 in. © 1/r= 2.0
. f
s§§? t %" v M fy fp gv EE- Remarks
in. 1b. |1b.~in.{1b./sg.in.}1b./sq.in.

65 0.0114;658 | 314} 3170 1170 1576 1.25{0.000151 First
wrinkle
506} 58570 1880 2770 1.47{ /000265 | Failure

17 .0111} 676 | 410 4590 1570 2340 1.49] .000225 First
wrinkle
510 5890 1950 3010 1.54} .000289 | Failure

100 0115} 652 | 463 6720 1710 3350 1,96} .000322 First
wrinkle
503 7400 1860 3650 1.96] .000351 | Failurs

18 .0111; 675 | 455 6640 1740 3330 1.95f .000326 | First
' wrinkle

510 7480 1950 3830 1.96] .000367 | Feilure

29 .0113) 664 | 37| 11560 2020 5780 2.87{ .000556 | Faeilure

67 .0120| 625 | 479 10350 1695 4880 2.88] .000469 First
wrinkle

491 10610 1740 5010 2.88] .000481 | Failure

19 .0110| 682 | 395 8590 1525 4430 2.90] .000426 | First
wrinkle

410 8900 1580 4580 2.90| .000440 | Failure

99 .0120)] 625 | 444] 11570 1570 5460 3.47] .000525 First
wrinkle

4694} 12195 1660 6750 3.46; ,000583 { Feilure

o8 .0120| 825 | 419 10950 1480 5160 3.491 .00049€ | First
wrinkle

464] 12070 1640 5690 3.47] .000547 { Failure

64 .0116{ 646 | 361] 11890 1320 5800 4.39{ .000557 | Feilure
20 .0116] 647 | 385 126390 1405 6190 4,40{ .000E95 | Failure
66 .01291 581 | 802| 1Ff950 1675 7440 4.44! .000714 | Fallure
65 .0114¢ 658 | 259 9740 1080 4850 4,49] 000463 | Feilure
63 L0111} 875t 2491 12400 954 €330 6.64 .000608 | Failure
21 .0109} 6881 280} 12990 1010 6730 6.66] .005646 | Failure
€2 .0117) 641 | 220} 14360 797 6940 8.70] .0OCOEE7 | Failure
6l .0117{ 641 | 2101 13940 760 6740 8,86} .00C647 | Failure
22 .0114} €58 205} 13870 765 6200 9.023] .CO0660 | Failure
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TABLE I (Cont.)
Group 6 r = 15 in. 'L/r = 1,0
Spec. r M £
No. t S v M fy fy = 7 Remarks
| in. | 1b.|1b.-in.|1b./sq.1n. |1b./5q.in.
224 10.0206|7281=2315| 36550 2386 2510 1.05({0,000241|Failure
223 0221167912375 53000 2280 3390 1.49 1 .000Z725|Failure
228 .0224{67021.45| 65800 2030 4220 2.08| ,000406|Failure
226 .0213| 7041888} 59000 1880 3920 2,09 .000377|Failure
225 L0201 746 11185 57200 1250 4020 3.22| .000Z37|Failure
227 .0231{649{1485] 73100 1365 4470 3.22| ,000430|Failure
Group 7 r = 15 in. 1/r = 1.0
Spec. r M fp
Na. t T v M fy fy i T Remarks
in.| | 1b.'1b.-in.|1b./sg.in.|1b./sq.1n.
218 10.0155{ 9681 1065 16630 1457 1518 1.04|0.000146| First
wrinkile
116518120 1595 1655 1.04} .000159|Failure
222 | .0153{980] 825|18890 1145 1747 1.53] .000168| First
. wrinkle
1010{ 22970 1400 2125 1.52| .000204|Failure
219 .0161|932{ 985}31970 1300 2810 2.16| .000270|{Failure
2201 .0161{932| 785]30870 1008 2710 2.69! .000261|Failure
2171 .0161932| 583}30770 770 2700 3,511 .000260 |Failure
2211 .015810949| 52530830 705 2760 3.92) .000265|Failure
Group 8 r =15 in, 1/r = 1.0
Spec. r L
P t Tiviou £y £y, Y = Remarks
in. 1b.|{1b.-in.{1b./sq.in.|1b./sq.in.
209 {0.0103{1455]405; 6800 834 932 1.12{0.0000896| Failure
214 .0111}|13521315]10210 602 1300 2.16; .000125 | First
wrinkle
425113190 812 1680 2.07| .000161 | Failure
210 .0116 11293 (485(16890 887 2080 2.32] .000198 |Failure
213 .010611415{835114500 372 1545 2.90{ .000187 {Failure
212 .01101364} 305115100 588 1540 3.30} .000187 |Failure
211 .0110(1364| 275116300 530 2172 4,10} .000209 |Failure
216 .0103{1455|125|13225 257 1815 7.06 | .000175 {Failurs
215 | .0105|1428)105}12330 212 1660 7.83] .000160 |{Fallure
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COMPARISON OF EXPERIMENTAL- VALUES O(F X F#OR BENDING, TCRSION,

ANTY ONURTHEN MRANCTTROR DAL ANT) RYENTHA nwame
Said/ UMD LA LI o OOindl Advl DSNLLET LDl

(Values of k for torgion tests obtained from fig. 7 of referemcs 1.
Values of k for pure bending teste obtained from table I of reference 3.)
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e gt AR
¥v = 1,47 to 3.47

to0 8.85

Figure 3.-~ Side view of oircular cylinders after failure in combined
trangverse shear and bending testa, oylinders of group §
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r = 7.5 in.; L = 3.00; £= 346 T = 15.0 in.; _;.- 2.00; £ = 873

TR TI

IS TYITTY T

T = 15.0 in.; % = 0.70; {-- 980 r = 15.0 in.; f_-- 0.80; £ = 949

Figure 4.~ Cylinders after failure in pure bending
fig. 3, reference 3).
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Figure 5.-Shear, moment, and bending-stress diagrams for a cylinder 1n
combined transverse shear and bending. T
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Figure Ba.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending. '
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Figure 6b.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending.
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Figure 6c.- Bending-stress diagrams for circular cylinders in com- -
bined transverse shear and bending.
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Figure 6d.- Bending-stress diasgrams for circular cylinders in com-
bined transverse shear and bending.
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Figure 6e.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending.
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